Experiments on microwave scattering from resonance enhanced multiphoton ionization (RADAR REMPI) are presented for argon (3+1 REMPI), xenon (2+1 REMPI) and nitric oxide (1+1 REMPI) to demonstrate its capabilities for nonintrusive diagnostics. The time evolution of the microwave scattering from 3+1 REMPI in argon with different frequency tripled Ti:sapphire laser pulse energies at different pressures is given and compared to results from a plasma dynamic model. A polarized, narrowband laser beam is then used to record a three photon resonant REMPI spectrum of argon. For xenon and nitric oxide, mixing upshifted, frequency doubled dye laser was used to demonstrate the Radar REMPI process. The xenon ionization spectra at higher pressures are observed to have asymmetric peaks. The low pressure xenon spectrum was used to calibrate the laser wavelength and linewidth for the nitric oxide measurement. The nitric oxide spectrum obtained matches the REMPI literature.
I. Introduction
race species detection has become a field of growing importance for fluid dynamic, combustion, environmental, health and security applications. Various spectroscopic techniques have been explored and used, such as laser induced fluorescence, cavity ringdown spectroscopy, photo acoustic spectroscopy and REMPI (Resonance Enhanced Multi-Photon Ionization). REMPI [1] [2] [3] is very attractive because it requires relatively little alignment and has a high signal to noise ratio compared to other methods. Common detection methods for the REMPI signal are based on electron or ion collection, such as electrical probes/electrodes and Time Of Flight (TOF) spectroscopy. Electrical probes with high voltages are intrusive, while TOF spectroscopy is only possible for measurement at relatively low pressure. Both methods are limited to local applications.
Radar REMPI, as we have previously proposed 4 and demonstrated 8, 9 , uses REMPI to selectively ionize a particular atomic or molecular species of interest and microwave scattering to see that ionized plasma. It does not require local probes and therefore can be used as a remote detection technique. It has the potential for very high sensitivity for the detection of trace species and can follow electron generation and loss processes in real time. In this paper, we present microwave scattering experiments from REMPI in argon, xenon and nitric oxide. From single-atom noble gases to more complex diatomic molecules, the experimental results show that microwave scattering can successfully capture all features of the REMPI process. First in argon, we use both broadband and narrowband frequency tripled, tunable Ti: Sapphire lasers to conduct the time-accurate electron formation and loss measurement and do three photon resonant spectroscopy in the vicinity of 260 nm. By using a frequency tunable dye laser near 226 nm, we demonstrate the microwave scattering from REMPI plasma in xenon and nitric oxide. Xenon has well-defined spectral lines so that it can be used to calibrate the NO spectrum. By recording xenon REMPI spectra at low pressures, we can determine the linewidth of the dye laser. The linewidth measurement also was confirmed by the ionization spectrum in the nitric oxide. The xenon spectra at higher pressures are observed to have asymmetric peaks.
II. Argon Experimental Setup and Results

A) Broadband argon experiments
The experimental setup for microwave scattering from resonance enhanced multiphoton ionization using the broadband Ti: Sapphire laser was described in our previous papers 9 . For completeness, briefly, a frequency-tunable, frequency tripled Ti: Sapphire laser with a linewidth of about 0.2 nm was used. The beam was focused into a gas cell filled in with neutral argon. A 10 mW, 12.6 GHz Gunn diode microwave source illuminates the ionization point through a microwave horn after the microwave was pre-amplified to 50mW. Microwave scattering from the plasma was collected by another microwave horn and amplified sequentially by one preamplifier at 12.6 GHz at a factor of 30dB. The signal was down converted by homodyne mixing with the source and then two additional at DC-1GHz amplifiers amplified the scattering signal by a factor of 60dB. The output time-accurate signal was monitored by an oscilloscope. Figure 1 shows a sample measurement of the microwave scattering from the plasma generated by REMPI in neutral argon at 5 Torr with different pulse energies. A comparison with a plasma dynamic model is also given in the plot. The details about the model were given in our other papers 9, 10 . Figure 2 shows the measurement of microwave scattering from the plasma generated by 2.1 mJ laser pulse in neutral argon at different pressures. For both cases, the microwave scattering signal follows the electron number density in nanoseconds scale. The rising part is due to the increased electron number inside the plasma ionized by the laser pulse. The decreasing part is due to the recombination losses of electrons and ions. By measuring the peak intensity of the microwave scattering signal at different wavelengths, REMPI spectra could be obtained as shown in our previous papers 9 . The experimental and theoretical work successfully demonstrate that microwave scattering from resonance enhanced multiphoton ionization produced plasma can give a time accurate measurement of a weakly ionized plasma, in but not limited to nanosecond scale. The response time is short enough to provide a method for measuring fast evolving plasma dynamics, which otherwise limits our understanding of fundamental process in plasma. The experimental setup for argon using narrow linewidth laser is shown in figures 3 and 4. An injection seeded, cavity-locked, frequency-tunable, frequency-tripled, Ti: Sapphire laser was used to generate a small volume plasma by the REMPI process in neutral argon. A multimode argon-ion laser at 514nm was used to pump a continuous wave (CW) ring cavity Ti: Sapphire laser. The CW laser has multiple frequency controlling components, including a photo diode, a bi-refractive (BRF) plate and a voltage-controlled etalon. The photo diode eliminates the bi-directional oscillation of the laser, allowing unidirectional lasing, so that the spatial hole burning is avoided. The BRF plate roughly limits the oscillating frequency of the laser. The voltage-controlled etalon selects the single frequency lasing. The frequency of the CW laser can be tuned either by manually tuning BRF orientation for a rough scan (~0.5nm per step) or by scanning voltage applied to the etalon for more accurate wavelength scan (~200 MHz per step). Then the CW laser was used to injection seed a tunable, frequency -tripled Ti: Sapphire laser, which was used in the broadband experiments. The two Faraday isolators were used in the optical path of the injection seeding to eliminate the feedback to the CW laser. The pulsed laser has an active cavity control system to match the laser frequency shift due to the wavelength scan of the CW seeder laser and other disturbances. The injected seeded laser has a linewidth of ~20MHz at the fundamental frequency, instead of several hundred GHz in the broadband experiment. The comparison of laser linewidths for broadband and narrow bandwidth laser is shown in figure 5 . The microwave setup is shown in figure 4(a) . A 10 mW, 12.6 GHz Gunn diode microwave source is pre-amplified to 50mW and illuminates the ionization point through a microwave horn. Microwave scattering from the plasma was collected by another microwave horn and amplified sequentially by one preamplifier at 12.6 GHz at a factor of 30dB. After the frequency was converted down by the microwave mixer, two other amplifiers with a bandwidth of DC-1GHz amplified the scattering signal by a factor of 60dB. The output time-accurate signal was monitored by an oscilloscope. The polarization of the microwave lies along the propagation direction of the laser and thus the elongated axis of the plasma ellipsoid to maximize the scattering signal.
An automatic data acquisition system, as shown in figure 4 (b) , was developed to collect microwave scattering signals. The output of the microwave system was input into one channel of a boxcar integrator. The laser pulse monitored by a photo diode at the entrance of the gas cell was input into another channel of the boxcar. A LabView program was developed to collect the data. The laser scan control to the CW laser is also achieved by the LabView program. The whole system is synchronized by the Q switch of the pulsed Ti: Sapphire laser.
Time accurate microwave scattering signal was obtained from REMPI generated plasma in neutral argon at 97.4 Torr using different laser pulse energies, as shown in figure 6 . The detailed model of plasma evolution is presented in our other papers 10 . Basically, laser beam generates a small volume plasma which reaches its maximum electron number density almost at the end of the laser pulse, which is about 20-30 nanoseconds. Then the recombination process leads to the decrease of the microwave signal.
Argon REMPI spectra for different polarizations near 261.27nm are shown in the figure 7. Linearly and circularly polarized light was used in the experiment. Circularly polarized light was generated by a Glan Thompson prism and a quarter waveplate in the optical path. At this wavelength both circular and linear polarizations produce REMPI signals, but the linear polarization is significantly more effective.due to stronger coupling to the three photon resonance.
The experiments using a narrow band laser and automatic data acquisition system further confirm the resonance nature of the process and give an accurate 3+1 REMPI spectrum of argon at 261.27 nm for both linearly and circularly polarized light.. 1.0x10 -6 1.5x10 -6 2.0x10 Figure 7 . Argon REMPI spectra for circularly and linearly polarized light
III. Experiments of xenon and nitric oxide A. Calibration by Xenon
The experimental setup for xenon and NO measurements is shown in figure 8 . A broad band frequency-doubled Nd: YAG laser was used to pump a dye (Rhodeman 6G) laser (Sirah precision). The frequency-doubled dye laser beam near 287nm was mixed with the fundamental frequency of Nd: YAG laser at 1064nm to generate a laser beam near 226nm (pulse energy = 1mJ/pulse, pulse length = 10ns, linewidth was roughly estimated to 2 cm -1 ). The beam was used to generate a small-volume plasma by the REMPI process in (2+1) xenon and (1+1) nitric oxide. The microwave illuminates the ionization point from the upper arm of the vacuum chamber. The microwave scattering signal is collected perpendicular to the plane of the paper as in the experiments in argon, shown in 4(a). The automatic data collection system, as shown in figure  4(b) , was also used in the experiments. To calibrate the system, we first did the RADAR REMPI in xenon, since as an inert atomic gas the spectrum is simple and the position of the spectral lines are well known. There are several well defined second harmonic spectral features near 226nm. The ground state of xenon is 5p 6 ( 1 S) J =0. Based on the selection rules of two-photon transition 11 , the state of (5p , is a resonance level of the two-photon transition (transition of a p state electron is p state to p state via a virtual transition s state p-s-p, J=2). It is so called 2+1 REMPI. Other atomic energy levels are far away from the resonance level,, so these transitions provide a good calibration tool for the laser wavelength.
Knowledge of the laser linewidth is also important for the measurement of REMPI spectra. Because of the broad bandwidth of the Nd: YAG laser which is about 1cm -1 , the mixing output of the laser beam would be roughly 1~2 cm -1
. The spectrum of REMPI is dependent of different broadening mechanisms including laser linewidth, pressure broadening, Doppler broadening and natural broadening, In low pressure xenon, the pressure and temperature broadening factors are easily derivable and the natural broadening is negligable, so the measurement of REMPI spectrum of xenon will provide an accurate measurement of the laser linewidth. The natural broadening of xenon is proportional to the Einstein coefficients of the excited state, which is on the order of 10 
B. Experiments of Nitric oxide
The experimental setup for nitric oxide is same as in xenon shown in figure 8 . A laser linewidth limited spectrum of nitric oxide at 1.91 Torr has been obtained. With the calibrated laser wavelength, nitric oxide REMPI spectrum was obtained shown in figure 10 which is in good agreement with the reference spectrum 7 . The transition involved in the REMPI process is from ground state to A state and then to the ionization state. It is so called 1+1 REMPI.
The experiments in the nitric oxide demonstrate the possibility of using RADAR REMPI to obtain accurate spectral and time measurement in diatomic gases. 
IV. Conclusion
Microwave scattering experiments have been done in different atomic and molecular gases: argon (3+1), xenon (2+1) and nitric oxide (1+1). 3+1, 2+1 and 1+1 REMPI processes have been demonstrated. It indicates that the microwave scattering from the plasma generated by REMPI process can be used for highly sensitive and selective nonintrusive diagnostics.
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